I
n the course of characterizing intra-abdominal hypertension (IAH) and the abdominal compartment syndrome (ACS), the suggestion has been made that the volume of resuscitation contributes to the level of intra-abdominal pressure (IAP). [1] [2] [3] Our initial investigations had confirmed the correlation of volume of resuscitation with IAP (unpublished data), in our case with plasma/colloid resuscitation, as opposed to a crystalloid resuscitation regimen (elucidated by Ivy et al. 3 ). We had previously demonstrated that using plasma resuscitation minimizes early weight gain when compared with crystalloid resuscitation, and maintains urine output, with decreased volumes of fluid infused. 4 Colloid resuscitation has not been shown to improve outcomes in burn patients, 5 but the possibility exists that the decreased volumes given with plasma resuscitation may be protective from ACS and thereby affect mortality. Having documented infrequent IAH and ACS in our patients resuscitated with a combined plasma and crystalloid regimen, we began a prospective comparison to evaluate the hypothesis that the lower volume given with plasma resuscitation would result in lower intra-abdominal pressures.
PATIENTS AND METHODS
For inclusion, patients had a 25% or greater total body surface area (TBSA) burn with smoke inhalation, or greater than 40% TBSA burn if inhalation injury was not present. All patients admitted during the study period were included. Patients who had withdrawal of support without efforts of resuscitation were excluded, including four patients, all of whom had extensive burns and advanced age. Also, children aged 16 and younger were not included. Institutional approval was obtained.
Patients were randomized at admission to either crystalloid or plasma resuscitation. Randomization was performed following a predetermined random order produced in groups of 10. This preordered format was maintained by the primary investigator. No deviations from the list occurred. Patients who were excluded were assigned randomization but not included in the subsequent analysis.
For patients placed in the crystalloid group, the Parkland formula was used as a basis for volume infusion. Lactated Ringer's infusion was initiated at a rate calculated as 4 mL/ kg/% TBSA, the first half to be given over the initial 8 hours.
Rate of fluid administration was titrated hourly to maintain a urine output between 0.5 and 1.0 mL/kg/h.
Patients in the plasma group were resuscitated using a combined crystalloid and colloid regimen. Resuscitation was initiated at an hourly rate based on a 24-hour goal of 2,000 mL of lactated Ringer's (83 mL/h) and 75 mL/kg of fresh frozen plasma (FFP). The volume of FFP given was titrated to maintain a urine output between 0.5 and 1.0 mL/kg/h. 6 FFP was continued through 48 hours after burn, and then patients were converted to crystalloid maintenance fluids.
Inhalation injury was determined on a clinical basis, considering carbonaceous secretions, singed vibrissae, and mechanism/history of burn. 7 Patients with inhalation injury were intubated, as were those who had worsening respiratory status during their course. Sedation was maintained in intubated patients with combinations of narcotic (fentanyl or morphine) and continuous infusions of lorazepam or propofol. Vecuronium paralysis was used in patients as clinically indicated but never as specific therapy for elevated intraabdominal pressures. Standard patient care was carried out in all individuals.
Urinary bladder pressure was measured to assess for intra-abdominal hypertension. Initial measurements were made at admission and then twice daily for the first 5 days of hospitalization. The method of urinary bladder pressure measurement has been previously described; we used infusion of 100 mL to transduce intra-abdominal pressure through the urinary bladder. 8 -10 IAH was considered to be present with a urinary bladder pressure of greater than 25 mm Hg and ACS present at this level of IAP with renal or pulmonary compromise.
Sample size calculation was performed using a power of 80% and considering a value of p Ͻ 0.05 significant. We considered a difference between control and experimental groups of 10 mm Hg to be significant clinically, and used the SD of 7.5 mm Hg from our pilot study. Sample size calculation indicated that 12 patients per group would be adequate to show this difference.
Statistical analysis using unpaired t test, paired t test, and Fisher's exact test was performed using GraphPad InStat version 3.01 for Windows 95/NT (GraphPad Software, San Diego, CA; www.graphpad.com). Significance was measured at a value of p Ͻ 0.05.
RESULTS

Admission Data
There was no significant difference in the crystalloid and plasma groups at the time of admission ( Table 1 ). The mean age was 46.4 years for crystalloid versus 44.6 years in the plasma group. Total body surface area and area of fullthickness burn were comparable, at 50.1% and 28.3% for crystalloid, respectively, and 52.1% and 29.0% for plasma, respectively. Eleven of 15 crystalloid-resuscitated patients and 10 of 16 plasma-treated patients had inhalation injury. Escharotomy was performed in 4 of 15 crystalloid and 2 of 16 plasma patients. Initial IAP in crystalloid patients of 5.8 mm Hg was no different from that in the plasma group, 5.9 mm Hg. Creatinine, blood urea nitrogen (BUN), peak airway pressures (during inspiration), and base excess/deficit were also not significantly different between the two groups.
Initial Resuscitation
There were no significant differences noted between the predicted and actual volumes given to patients over the initial 24 hours of resuscitation, although there was a trend toward volumes that were higher than what the predicting formulas would suggest (Table 2 ). Patients resuscitated with plasma The Journal of TRAUMA Injury, Infection, and Critical Care did receive significantly less volume, a mean of 12.3 L versus 22.1 L for the crystalloid group (p ϭ 0.02). This held up when calculated by patient mass, 0.26 L/kg in the crystalloid group and 0.14 L/kg in the plasma group (p ϭ 0.005). Urine output was maintained equally in both groups, 0.77 mL/kg/h in the crystalloid group and 0.76 mL/kg/h in the plasma group.
Resuscitation Course
During the course of therapy, there was a significant rise in IAP in the crystalloid-resuscitated group. IAP rose from 5.8 mm Hg at admission to 32.5 mm Hg at peak measurement at a mean of 72.7 hours after admission (p Ͻ 0.0001). There was also a significant rise in creatinine, BUN, and peak airway pressure: 0.99 to 1.90 mg/dL (p ϭ 0.0019), 15.7 to 30.2 mg/dL (p ϭ 0.0004), and 29.2 to 40.6 mm Hg (p Ͻ 0.0001), respectively. No significant change occurred in base deficit from admission to time of peak IAP, from Ϫ4.5 to Ϫ1.7 (p ϭ 0.099) ( Table 3) .
Plasma-resuscitated patients also had a significant rise in IAP, from 5.9 to 16.4 mm Hg at a mean of 68.3 hours (p Ͻ 0.0001). There was no real change in creatinine (from 1.02 mg/dL to 1.48 mg/dL, p ϭ 0.07) or in BUN (from 17.3 mg/dL to 24.6 mg/dL, p ϭ 0.09). Patients converted from a base deficit to a base excess (from Ϫ3.6 to 1.2, p Ͻ 0.0001), whereas peak airway pressure did rise significantly (from 28.9 mm Hg to 35.2 mm Hg, p ϭ 0.0004) ( Table 3 ).
Deaths and Survivors
There were four deaths in the crystalloid group and three in the plasma group. In comparing the survivors to those who died in the crystalloid group, there was no difference in age, 44.5 years in survivors and 51.8 years in deaths (p ϭ 0.57) ( Table 4) . Total body surface area and full-thickness burn percentage were both higher in those that died: TBSA, 47.5% and 57.5% (higher, but not significant, p ϭ 0.17); full-thickness burn, 23.2% and 42.5% (p ϭ 0.0015). Initial IAP was not different between survivors and deaths, 5.5 and 6.5 mm Hg. There was a notable greater rise in IAP in those patients that died. Mean peak IAP in survivors was 29.5 mm Hg, with a rise of 23.9 mm Hg; whereas in those that died, IAP rose to 40.7 mm Hg (p ϭ 0.004), a rise of 33.8 mm Hg (p ϭ 0.027). 
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Patients who died did receive a greater volume of fluid at the time of maximal IAP, 0.694 L/kg versus 0.513 L/kg (p ϭ 0.049).
Renal function was worse in the patients that died after crystalloid resuscitation. Urine output was less, 0.26 mL/kg/h versus 0.64 mL/kg/h (p ϭ 0.0057). Creatinine was not different at admission, but rose to 3.4 mg/dL in patients that died and only increased to 1.4 in those that lived (p Ͻ 0.0001). There was no difference in admission BUN either, but this also rose to higher levels in those that died, 49.5 versus 23.2 mg/dL (p Ͻ 0.0001).
Peak airway pressure at admission was not different, but rose more in those that died, to a mean of 47.0 mm Hg, whereas that in survivors only rose to 38.3 mm Hg (p ϭ 0.0031). Of note, base deficit at the time of admission was greater in those patients that eventually died, Ϫ8.3 versus Ϫ3.1 (p ϭ 0.0003). Base deficit did not correct in these patients either at the time of maximal IAP, Ϫ8.7, whereas those that survived had a base excess of 0.8 (p ϭ 0.0003).
Similar findings were seen in the plasma-resuscitated group (Table 5 ). There was no difference noted between survivors and deaths in age, burn size, area of full-thickness burn, admission IAP, or admission laboratory values (BUN, base deficit). IAP at peak rose in both survivors and deaths, but more so in those that died. Peak IAP in survivors was 13.8 mm Hg (increase of 8.6), whereas in deaths it rose to 27.7 mm Hg (p ϭ 0.0009), an increase of 19.0 mm Hg (p ϭ 0.0058). More resuscitation volume was given to those that died, 0.554 L/kg versus 0.316 L/kg (p ϭ 0.022), resulting in a greater weight gain, 27.8% versus 12.4% (p ϭ 0.01). Renal function declined, but those that died did not have significantly less urine output or rise in creatinine, although baseline creatinine was higher in those who died (0.9 and 1.4 mg/dL, p ϭ 0.004).
Crystalloid versus Plasma
Despite no difference at the time of admission, significant differences were noted with the course of resuscitation between the two regimens. IAP rose in crystalloid-resuscitated patients to a mean of 32.5 mm Hg, a rise of 26.5 mm Hg, at a mean of 72.7 hours after admission. In plasmaresuscitated patients, IAP rose to 16.4 mm Hg, a rise of 10.6 mm Hg, at a mean of 68.3 hours after admission. These changes were significantly different between the two groups (p Ͻ 0.0001). Patients receiving crystalloid were given a larger volume of fluid, 0.561 L/kg, compared with those receiving plasma, 0.360 L/kg (p ϭ 0.0021). Weight gain was correspondingly greater in patients resuscitated with crystalloid, 40.7% of admission weight, compared with 15.3% in plasma patients (p Ͻ 0.0001) ( Table 6) .
Urine output was maintained in both groups, 0.83 mL/ kg/h in plasma patients and 0.54 mL/kg/h in crystalloid patients (p ϭ 0.0097). Creatinine at peak was not different, and neither was BUN. Base deficit at the time of peak IAP was worse in those resuscitated with crystalloid, Ϫ1.7, compared with 1.3 (p ϭ 0.07). Peak airway pressure was higher in crystalloid-resuscitation patients at the time of maximal IAP, 35.2 mm Hg in plasma patients and 40.6 mm Hg in crystalloid patients (p ϭ 0.01).
Linear regression analysis was performed to establish a relationship between volume of resuscitation and IAP. A relationship between volume and IAP was noted with both crystalloid and plasma resuscitation. When crystalloid volume was related to actual IAP, Equation 1 was found: IAP ϭ 35.2 (fluid given in L/kg) ϩ 12.6, with r 2 ϭ 0.352, slope variance from zero p ϭ 0.020 (Fig. 1) . Relating plasma resuscitation volume to actual IAP, Equation 2: IAP ϭ 35.6 (fluid given in L/kg) ϩ 3.6, r 2 ϭ 0.657, slope variance from zero p ϭ 0.0001 (Fig. 2) . Even more striking is the analysis There was a significant correlation between these two variables, with all patients considered together, r 2 ϭ 0.621, and slope variance from zero p Ͻ 0.0001 (Fig. 3) .
DISCUSSION
Abdominal compartment syndrome has become recognized in the resuscitated burn patient as a serious complication. Ivy et al. 3 explored the relationship between the volume of fluid infused and IAP. In their analysis, the IAP of burn patients rose to 24.4 mm Hg with the infusion of 0.25 L/kg of fluid. This was with standard crystalloid resuscitation formulas. In general, colloid resuscitation has been shown to decrease fluid requirements and edema, [11] [12] [13] [14] [15] without influence being shown in improving outcome or decreasing mortality. 5 Plasma in particular has been shown to improve cardiac parameters, 16 decrease volume requirements, and lower weight gain, 4 but again has not been associated with improved outcome. Our initial investigations had indicated a relationship between volume of resuscitation and IAP with our plasma/crystalloid resuscitation regimen, and an implication of less of a rise in IAP with this method of therapy.
Ivy et al. 3 had a 70% incidence of IAH (IAP Ͼ 25 mm Hg). This was consistent with our crystalloid group, with a 90% incidence of IAH. In the plasma-resuscitated group, there were two incidences of IAP rising above 25 mm Hg. One of these patients died with the stigmata of ACS, but the patient's family refused operative intervention (decompressive laparotomy), and the other responded to decreased resuscitation and paralysis but later died as a result of sepsis. We used maximal intra-abdominal pressure as our measure of concern. Change in intra-abdominal pressure from admission value proved less helpful.
Most patients have received some volume of crystalloid during the course of transport and outside resuscitation, pre- 
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Volume 58 • Number 5vious to our evaluation. This preadmission resuscitation confounds our ability to evaluate the initial values seen in our patients. This lack of data as to the exact volume of preadmission resuscitation does detract from our analysis, but our overt assumption must be that both groups received, on average, similar treatment. This may not be true, but resuscitation previous to admission in general does not change our initial course of therapy. All transport times previous to our evaluation were less than 4 hours in these patients. Our experience shown here and in previous studies 4 indicates that plasma resuscitation allows the patient to receive more fluid before weight gain and intra-abdominal pressures rise to dangerous or unmanageable levels. Correspondingly, this allows one to limit the volume of fluid required to adequately resuscitate a burned patient. By Equation 1, the fluid required to increase IAP above 25 mm Hg in our study was 0.35 L/kg with crystalloid resuscitation, and by Equation 2, 0.60 L/kg was required to raise IAP above 25 mm Hg in the plasma group. When one considers all patients together (Fig. 3 ), there appears to be a linear relationship between volume infused and IAP, no matter what fluid is used for resuscitation. In all patients, this translated to 0.475 L/kg of fluid resuscitation being required to raise IAP to 25 mm Hg. This would suggest The Journal of TRAUMA Injury, Infection, and Critical Care
